1. Introduction {#s0005}
===============

Chronic pain, or pain lasting at least 3--6 months ([@b0150]), is a debilitating health condition that effects up to a third of adolescents ([@b0125]). Most research efforts to understand the neural etiology of chronic pain have focused on adults, despite knowledge that many chronic pain conditions first occur in adolescence, a time during which the brain and behavior are undergoing substantial development and many adult disease models do not hold. Thus, a lack of understanding of the neural underpinnings of adolescent pain may serve as a potential barrier in our effective treatment of pediatric pain. This is particularly pertinent as neural alterations associated with chronic pain may help explain why adolescent pain persists into young adulthood ([@b0130]) and is associated with emergence of mental health disorders ([@b0175]).

Functional magnetic resonance imaging (MRI) research in healthy adults, using pain-inducing paradigms, has demonstrated a robust pain network that includes primary and secondary somatosensory cortices, insula, thalamus, anterior cingulate cortex, and prefrontal cortex ([@b0155]), and many of these regions show greater pain-related activity in adults with chronic pain compared to healthy controls ([@b0080], [@b0090], [@b0095], [@b0135]). While findings in adolescents have been limited, we previously demonstrated pain-related *decreases* in brain activation in the primary somatosensory and motor cortices, posterior parietal lobe, and precuneus ([@b0115]). Further, adolescents with chronic pain show greater pain-related activity, compared to healthy controls, in the posterior cingulate cortex ([@b0115]). These results suggest that adolescents demonstrate a developmentally unique pattern of neural responsivity to pain.

Resting-state functional connectivity MRI (rsfcMRI), which correlates spontaneous fluctuations in brain activity between brain regions, or networks, in the absence of task-related stimulation, has also been used to compare individuals with and without chronic pain. One of the most robust and well-studied brain networks is the default mode network (DMN). The DMN includes regions of the prefrontal cortex, posterior cingulate, hippocampus and parahippocamal cortex, and lateral parietal and temporal cortices, and is typically deactivated during external attention-demanding task-based processes, but activated during internally-driven and self-referential processes ([@b0015]). Numerous studies in adults with chronic pain have demonstrated alterations in connectivity between the DMN and the pain network (particularly the insula) ([@b0075]).

To date, rsfcMRI studies in adolescents have been limited. Two studies used an *a priori* region-of-interest approach to demonstrate altered amygdalar connectivity in adolescents with complex regional pain syndrome ([@b0145], [@b0210]). Meanwhile, alterations in the sensorimotor network, and reduced anti-correlations (thought to reflect less network segregation) between the posterior cingulate cortex (a key hub in the DMN) and the prefrontal cortex, were demonstrated in adolescents with irritable bowel syndrome ([@b0045], [@b0100]). The current study sought to expand upon these studies by investigating continuous associations between DMN network functional connectivity and frequency and intensity of pain in a heterogeneous population of adolescents with varying levels of pain. Based on previous findings, we hypothesized greater pain frequency and intensity would be associated with greater connectivity between the DMN and regions of the pain network (e.g. insula and prefrontal cortex).

2. Methods {#s0010}
==========

2.1. Inclusionary and exclusionary criteria {#s0015}
-------------------------------------------

Ninety-eight adolescents participating in two separate neuroimaging studies were included in the current study. The larger studies were an ongoing study of adolescent neurodevelopment ([@b0120]) and a study investigating neural response to pain in adolescents ([@b0115]). Participants in both studies were recruited either via community advertisements or by fliers distributed in clinical settings. In addition to exclusion criteria below, to be included in the current study, adolescents needed to be 12--20 years old, have completed a pain questionnaire (described in pain assessment below), and have resting-state functional neuroimaging data of acceptable quality (see imaging processing below). The current analyses are distinct from any previously published or planned analyses for the larger studies.

During recruitment, adolescents and their parents provided written consent and assent, respectively, and exclusionary criteria included: left handedness, head trauma or chronic health condition (e.g. juvenile idiopathic arthritis, Crohn's Disease), intellectual or learning disabilities, non-English speaking, prenatal drug or alcohol exposure, current use of psychotropic or prescription pain medications, and MRI contraindications.

Following recruitment and completion of the study protocol, six participants were excluded due to invalid reporting on the pain questionnaire (i.e. reporting a value of 0 for pain frequency but a non-zero value for pain intensity, or vice versa), and six participants were excluded due to insufficient usable amounts of resting state data (see below). This resulted in a final sample of 86 adolescents. Study procedures were approved by the Oregon Health & Science University Institutional Review Board.

2.2. Sample characteristics {#s0020}
---------------------------

In additional to providing general demographics (age, sex, and ethnicity/race), adolescents completed the two-subtest version of the Wechsler Abbreviated Scale of Intelligence ([@b0235]) to estimate intelligence (IQ). Further, to obtain an indication of socioeconomic status, adolescents' parents reported total household income and highest level of education for each parent. Household income was measured using either a continuous measure (in \$1000 increments), or on a categorical scale ranging from 1 (less than \$20 thousand) to 6 (more than \$90 thousand), with all continuous data subsequently binned using the categorical scale. Highest level of education, for each parent, was reported on a categorical scale ranging from 1 (graduate/professional school) to 7 (\<7 years of school).

2.3. Pain assessment {#s0025}
--------------------

To assess symptoms of recent pain, adolescents competed a questionnaire reporting on pain frequency, pain intensity, and location where adolescents experienced the "most problems with aches or pains," in the last month. Pain frequency was reported on a categorical scale ranging from 0 (not at all) to 5 (daily), and pain intensity was reported on an 11-point numerical rating scale from 0 (no pain) to 10 (worst pain possible). Adolescents' self-reports of most painful part of the body were classified into the following categories: head (n = 11), musculoskeletal (including neck, shoulder, back and limb; n = 48), stomach (n = 11), and no pain (n = 12). Four participants reported pain in multiple body parts, but failed to report on the most painful part of their body, and were thus excluded from post-hoc analyses (see below).

2.4. Image acquisition {#s0030}
----------------------

Participants were scanned on either a 3T Siemens Magnetom Tim Trio using a 12-channel head coil (n = 40) or 3T Siemens Magnetom Prisma using a 20-channel head/neck coil (n = 46). For all participants, a whole-brain T1-weighted MPRAGE structural image was acquired in the sagittal plane (inversion time (TI) = 900 ms, flip angle = 10°, echo time (TE) = 3.58/3.61 ms (Tim Trio/Prisma), repetition time (TR) = 2300 ms, field of view (FOV) = 256 × 240, resolution 1 × 1 × 1.1 mm). Whole-brain resting state functional T2\*-weighted echo-planer images were collected axially, parallel to the anterior-posterior commissure line, in two runs (TR = 2500 ms, TE = 30 ms, flip angle = 90°, resolution = 3.8 × 3.8 × 3.8 mm, FOV = 240 mm^2^, slices = 36, measurements = 100 or 124 TRs, acquisition time, for each run = 4:17 or 5:17). During resting state scans, participants were instructed to remain awake, with their eyes open and focus on white fixation cross on a black background, projected onto a mirror on the head coil.

2.5. Image processing {#s0035}
---------------------

Functional images were visually inspected for artifacts, and preprocessing was conducted using Analysis of Functional NeuroImages (AFNI, [@b0055]). Preprocessing included the removal of the first 3 volumes in the time series collected pre-steady state, despiking, and slice time correction. Functional images underwent motion correction to register each volume to the minimum outlier in the time series and to register all functional volumes to the structural image. Nonlinear registration was used to register the structural image to a template in Montreal Neurological Institute (MNI) space. All of these spatial transformations were combined and applied in one-step to minimize interpolation error. Functional images were also smoothed using a 4-mm full-width half maximum Gaussian kernel and normalized to mean of 100. FreeSurfer ([@b0070]) was used to generate ventricular; white-matter, and whole-brain masks from the structural images. Structural masks were transformed to MNI space using the registration parameters calculated with AFNI and applied to the functional data in order to extract average time courses. Linear regression was applied to functional data to remove ventricular, white-matter, and global signal; to covary for motion parameters and their first order temporal derivatives; to censor volumes with a framewise displacement (FD) \>0.3 or segments of data with \<5 consecutive volumes without excessive motion ([@b0190]); and to conduct bandpass filtering (0.01--0.1 Hz). Participants were required to have \>5 min of uncensored data for inclusion. Lastly, to remove areas from the analyses where there was substantial dropout, subject-specific masks excluding areas with significant dropout ([@b0185]) were generated. Then, a group-level mask was created that contained all voxels where at least 50% of participants demonstrated reliable levels of signal, and used in all subsequent analyses.

2.6. Independent components analysis {#s0040}
------------------------------------

Preprocessed functional data were entered into group independent component analysis (ICA) using FSL's MELODIC ([@b0030], [@b0035]). As it is difficult to determine *a priori* the number the number of "true" components that exist in a dataset, a data driven approach was taken, and the number of components generated was not restricted. The DMN was identified via visual inspection of all components output by MELIDOC and confirmed by cross correlating the spatial maps of our group-average independent components with the DMN network of a previous, publicly available ([https://www.fmrib.ox.ac.uk/datasets/brainmap+rsns/](https://www.fmrib.ox.ac.uk/datasets/brainmap%2brsns/){#ir005}), resting-state template ([@b0215]). Dual regression was used to map the group-average DMN onto single subjects and to extract the average timecourse from each subject ([@b0170]).

2.7. Voxel-wise analysis {#s0045}
------------------------

In order to limit the need for additional multiple comparisons corrections and maintain adequate power, we decided *a priori* to only investigate the connectivity of the DMN (and not other networks) following ICA. The resulting DMN timeseries for each individual was correlated voxel-wise with participants' processed resting-state data to create whole-brain connectivity maps. These connectivity maps were normalized using Fisher's Z-transformation prior to group-level analysis. To adjust for differences in DMN connectivity as a function of scanner platform, a voxel-wise correction factor was applied using the ComBat function in R (v. 3.5.3) ([@b0105]), with pain frequency and intensity as biological covariates. It has been demonstrated that ComBat can successfully remove scanner effects in both structural and functional imaging data and is particularly useful in developmental samples ([@b0085], [@b0245]).

Due to the ordinal nature of the pain frequency and intensity measures, a rank-based, nonparametric test, the Jonckheere-Terpstra test ([@b0110], [@b0220]), was used to assess for a statistically significant trend between pain frequency/intensity and DMN connectivity. Using Neuropointillist (<http://github.com/IBIC/neuropointillist>) in conjunction with the 'clinfun' package in R (v 3.5.3), separate Jonckheere-Terpstra tests, with a monotonic (two-sided) hypothesis order, were fit voxel-wise. The resulting maps were then voxel (*p* \< 0.001) and cluster (α \< 0.05; 17 contiguous voxels) corrected using AFNI's 3dClustSim, after estimating the blur in the functional dataset using the auto-correlation function (ACF) parameters obtained from the "uncleaned" timeseries, following recommendations outlined previously ([@b0060]).

Following whole-brain analysis, exploratory post-hoc analyses were conducted to investigate how all primary findings differed based on adolescent self-report of location of most pain problems. For each region identified in voxel-wise analyses, mean connectivity values were extracted, Jonckheere-Terpstra tests were rerun in each of the three pain location subgroups (musculoskeletal, stomach, and head), and p-values were Bonferroni-corrected for multiple comparisons (3 tests for each region of interest). Further, to aid future studies, effect sizes have been reported for all post-hoc tests in pain location subgroups. These effect sizes are reported as Cohen's d and were obtained by first estimating Kendall's Tau correlation coefficients, and then converting to Cohen's d via equations outlined previously ([@b0230]). Four participants were missing from post-hoc analyses due to errors in reporting most painful location of the body.

3. Results {#s0050}
==========

3.1. Sample characteristics {#s0055}
---------------------------

The sample included adolescents 12--20 years of age, who were 60% female, predominately white, non-Hispanic/Latino (86%). Sample characteristics, including pain characteristics are presented in [Table 1](#t0005){ref-type="table"}. Pain frequency and intensity did not differ based on age, pubertal status, sex, IQ, household income or highest level of parental education. Pain frequency, pain intensity and all demographic variables also did not differ based on reported location of most pain problems.Table 1Sample characteristics.MinMedian/Mean (SD)MaxAge12.8916.19 (1.76)20.76IQ82111 (11)136Pubertal developmentearly pubertypost-pubertalpost-pubertalHousehold income[a](#tblfn1){ref-type="table-fn"}\< \$20 thousand\> \$90 thousand\> \$90 thousandHighest parental education ^b^high schoolgraduate/professional schoolgraduate/professional schoolPain frequencynoneweeklydailyPain intensity037[^1]

3.2. Default mode network connectivity {#s0060}
--------------------------------------

Results from the ICA returned a total of 28 independent components, including a robust DMN that included both anterior and posterior aspects of the DMN ([Fig. 1](#f0005){ref-type="fig"}A), which correlated highly with a previous DMN template (r = 0.56) ([@b0215]). An additional component corresponded with posterior aspects of the DMN, but was not utilized for further analysis because it did not include several key DMN regions (e.g. anterior cingulate, and lateral temporal cortices; r = 0.50). All other ICA components showed lower correlation with the DMN template (r \< 0.3). Voxel-wise Jonckheere-Terpstra tests for ordered alternatives showed that there was significantly higher median DMN connectivity in the superior frontal gyrus (SFG; 22 contiguous voxels) with higher levels of pain frequency ([Fig. 1](#f0005){ref-type="fig"}B) and lower median DMN connectivity in the cerebellum (largely, lobule VIII; 21 contiguous voxels) with higher levels of pain intensity (voxel-wise *p* \< 0.001, cluster-corrected α \< 0.05) ([Fig. 1](#f0005){ref-type="fig"}C). Post-hoc analyses looking at most painful body location reported by adolescents found that these findings remained significant in adolescents with musculoskeletal pain (SFG: T~JT~ = 596, *z* = 3.016, corrected *p* \< 0.01, *d* = 1.13; cerebellum: T~JT~ = 298, *z* = −2.594, corrected *p* \< 0.05, *d =* 0.94) and in the cerebellum (T~JT~ = 8, *z* = −2.557, corrected *p* \< 0.05, *d =* 2.83) but not the SFG (T~JT~ = 32, *z* = 2.208, *d* = 2.37) in those with stomach pain. There was no significant association between pain frequency/intensity and DMN connectivity in those with head pain (SFG: T~JT~ = 20, *z* = 0.640, *d* = 0.50; cerebellum: T~JT~ = 15, *z* = 1.292, *d* = 1.04).Fig. 1Voxel-wise connectivity of the default mode network (DMN). A) Z-scores (thresholded at z ≥ 4.00) for the DMN from independent components analysis. B) Significant association between pain frequency and connectivity (z-score) between the DMN and the superior frontal gyrus (SFG). C) Significant association between pain intensity and connectivity (z-score) between the DMN and the cerebellum. Box and whisker plots represent medians and first and third quartiles for each level of pain frequency/intensity.

There were no significant associations between DMN connectivity and any demographic variables. Further, DMN connectivity in the SFG and cerebellum was not associated with the amount of resting-state data (in minutes) or average motion (root-mean-squared; rms) after motion censoring. Given, previous associations between DMN connectivity and age in adolescents ([@b0205]) and sex effects in adults ([@b0050]), we repeated the previous analyses after regressing out age and sex from the DMN connectivity maps. In this analysis, all previous findings remained significant, and no additional associations with pain frequency or intensity were present.

4. Discussion {#s0065}
=============

The goal of the current study was to investigate the association between pain intensity and frequency and DMN connectivity in adolescents. As hypothesized, we found that greater DMN-SFG connectivity was associated with higher levels of pain frequency; however, there was no association between pain intensity/frequency and DMN connectivity in any other region of the pain network (most notably the insula). Additionally, we found lower DMN-cerebellar connectivity was associated with higher levels of pain intensity. This is the first study, to our knowledge, to demonstrate an association between pain symptoms and DMN connectivity in adolescents.

The role of the prefrontal cortex in pain response and pain processing has been demonstrated repeatedly in both clinical and pre-clinical work (for recent review, see [@b0180]). However, the exact mechanism of the prefrontal cortex in pain circuitry is unclear, as there is evidence to support its role in both the suppression of pain, as well as pain detection (for review, see [@b0200]). The superior frontal gyrus is often thought to belong to the executive control network, important for responding to emotionally salient, arousing, or attention-demanding stimuli. Typically, a significant anti-correlation (i.e. negative correlation) between these networks is present and is thought to represent strong network segregation. To support this, a previous study of adolescents with IBS demonstrated that greater posterior cingulate to dorsal prefrontal cortex connectivity, compared to controls ([@b0100]), was driven by the typical anti-correlation between these two regions in control subjects, but not those with IBS. Our findings extend this finding, by suggesting greater pain frequency is associated with greater connectivity, in the positive direction, between the DMN and the SFG, and thus may be representative of less segregation (i.e. desegregation) of these networks.

Interpretation of these DMN to SFG findings remains difficult. One possibility is that increased connectivity of the DMN to prefrontal cortex may represent a shift in the role of the prefrontal cortex from cognitive control to more interoceptive or internally-driven processes. While engagement of the prefrontal cortex is often thought to occur in response to allocation of attention to external stimuli, it has also been demonstrated to respond to internal physiological states and is involved in internal awareness (e.g. [@b0065]). As such, it is possible that monitoring of physiological aspects of pain may require both recruitment of the default mode network, as well as the prefrontal cortex to suppress aspects (particularly emotional aspects) of the pain response. Thus, in the current study, adolescents with greater pain frequency may require greater utilization of their prefrontal cortex to suppress the emotional aspects of the pain response, subsequently strengthening the functional connectivity between the DMN and SFG. This would be in line with the mechanism suggesting the prefrontal cortex as important for the suppression of pain ([@b0200]). Further, when taken in light of the developmental nature of the sample, increased connectivity between the DMN and SFG may more simply suggest impairments or delays in typical developmental processes by which there is increased intrinsic refinement of the DMN and increased segregation from the executive control network ([@b0010], [@b0205]). Future longitudinal work will be necessary to gain a further understanding of pain and adolescent neurodevelopment.

The cerebellum has been suggested to play an integrative role in processing emotional aspects of pain, sensorimotor processing, and pain modulation ([@b0160]). Previous studies in adolescents suggest that functional connectivity between the cerebellum and the amygdala (a region important for encoding salience and emotional aspects of pain) is greater in those with chronic pain compared to controls ([@b0145], [@b0210]). While adolescent studies have yet to demonstrate DMN to cerebellum connectivity in association with pain, previous studies in adults suggest that DMN to cerebellum connectivity increases with increased pain intensity ([@b0165]). However, it is important to note that the cerebellum is a very complex structure with region-specific functional connectivity with several brain networks ([@b0195]). In the current study, we demonstrated a negative association between pain intensity and functional connectivity between the DMN and cerebellar lobule VIII, a region shown to be primarily functionally connected to other regions of the DMN ([@b0040], [@b0195]). It is possible the lack of functional connectivity between these regions in our sample may indicate a decrease in the overall intrinsic connectivity in the DMN, a finding that has been demonstrated previously in adults with chronic pain, both in response to painful stimuli and during rest ([@b0005], [@b0020], [@b0025], [@b0225]). Lower intrinsic connectivity of the DMN may also represent a neurodevelopmental delay in adolescents, as intrinsic connectivity within the DMN is thought to increase across adolescence ([@b0205]). Further, reduced intrinsic connectivity of the DMN has recently been linked to recurrent depression in a large study of adults ([@b0240]); thus, the findings of this study may help to explain the relation between adolescent pain and future mental health disorders ([@b0175]).

Together, the results of this study provide important information regarding the neurobiological underpinnings of pain in adolescents. However, it should be noted that in the current study, participants were only asked to report on pain symptomology occurring in the last month. In contrast, in previous pediatric studies, which focused exclusively on pediatric chronic pain samples, altered amygdalar and sensorimotor connectivity was demonstrated in chronic pain disease states that had persisted for on average 19 months ([@b0210]) to 3.62 years ([@b0100]). Additionally, alterations in amygdalar connectivity have been shown to persist even after remittance of pain symptoms ([@b0145]). Whether the current findings show a similar pattern of persistence and are associated with chronic pain, or predictive of transition from acute to chronic pain, warrants further exploration.

While this study is the first to look at continuous associations between pain symptomology and DMN connectivity in adolescents, several limitations warrant discussion. First, the adolescents in the current sample were predominately white, with higher than average IQ and socioeconomic status. This sampling bias has been shown to be a potential confound in developmental neuroimaging studies ([@b0140]), and future studies will be required to assess the generalizability of these results to other demographics. Second, the cross-sectional nature of this study makes it impossible to infer causality from our findings. While it is probable that previous pain experiences have altered adolescent neurocircuitry or caused delays in typical neurodevelopment, it is also possible that differential DMN connectivity as a function of pain frequency/intensity predates emergence of pain symptomology. Future longitudinal studies will be necessary to address this question. Finally, while the heterogeneity in pain locations in the sample helped to improve the generalizability of these findings to multiple pain conditions, given the sample size, this study was not powered to assess differential connectivity based on pain conditions. While post-hoc analyses found that results held for those with musculoskeletal and stomach pain, but not head pain, these findings should be considered preliminary. Given the small sample size in the subgroup of participants with head pain, it is unclear whether the current findings are indeed specific to certain pain locations, or if we were simply underpowered to detect these effects in all subgroups. While effect sizes for the null post-hoc results in the head pain subgroup are medium to large, and comparable to those observed in the musculoskeletal pain subgroup, it must be noted that obtaining effect sizes post-hoc in this way is circular in nature (i.e. re-running analyses with values deemed to already be significant via whole-brain analyses) and should be interpreted with caution.

In conclusion, results of this study demonstrate that pain frequency and intensity is associated with alterations in DMN connectivity during rest in adolescents with varying levels of pain. Extending prior work, we demonstrated that increasing pain frequency is associated with desegregation of the DMN with regions of the prefrontal cortex, typically thought to be involved in cognitive control. Further, our findings highlight a novel association between pain and DMN-cerebellar connectivity. In addition to shedding light on the underlying neurocircuitry associated with pain in adolescents, the results of this study may provide neurobiological targets for future pain treatment strategies in adolescents.
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